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ABSTRACT

The encapsulation of highly viscous liquid-like Nanoparticle Organic Hybrid Materials (NOHMs)
inside a gas permeable polymer to form SIPs (Solvent Impregnated Polymers) significantly
enhanced the CO: capture kinetics of NOHMs, leading to a remarkable 50-fold increase in CO»
flux compared to the neat NOHMs. To understand the mechanism for enhanced CO2 mass transfer
within these hybrid materials, kinetic modeling of CO uptake into SIPs containing
polyethylenimine functionalized NOHMs, denoted NPEI-SIP, was conducted. CO; mass transfer
into NPEI-SIP films was found to conform, both qualitatively and quantitatively, with a diffusion-
controlled moving front model. The diffusion-controlled model was also used to simulate CO»
uptake within a fixed bed containing polydisperse NPEI-SIP particles, and this model accurately
predicted experimentally measured breakthrough curves at 25 °C and 50 °C. The 50-fold increase
in gas flux was shown to be a consequence of the very large CO, permeability within the polymer-
solvent composite. The increase in gas flux is also dependent on the diffusion-reaction regime in
which the chemical solvent operates, and the largest improvement will occur when immobilizing
solvents, such as NOHMs, which operate in the instantaneous-reaction regime. The CO> capacity
(~3 mol COx/kg) and saturation time (~5 min) of 430 um SIP particles were comparable to popular
CO> chemisorption materials such as amine grafted silicates, in spite of the slow kinetics of

NOHM-I-PEI in liquid form (CO- saturation time ~24 hrs for a Imm thin film).
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1. Introduction

Anthropogenic greenhouse gas emissions have risen sharply over the last few decades [1,
2]. Unless significant action is taken to reduce emissions, and possibly to remove CO> from the
atmosphere, significant and disruptive changes in global mean temperature will occur [3]. A
prominent approach for both reducing CO; emissions and removing CO> from the atmosphere is
Carbon Capture and Storage (CCS), in which dilute CO is isolated and geologically stored [4]. A
large number of technologies have been investigated for carbon capture, including liquid solvents

[5], solid sorbents [6], membranes [7] and various composite materials 8, 9].

Several next-generation, water-lean solvents for CCS are under active development,
including reactive ionic liquids [10], CO2-Binding Organic Liquids [11], and liquid-like
Nanoparticle organic hybrid materials (NOHMSs) [12]. It is possible that the relatively low water
content of these solvents could reduce the energy required for carbon capture, by reducing
evaporative losses in the stripper, and also by reducing losses around the main cross heat exchanger
associated with the large specific heat capacity of water [13] (note that these claims have been
debated within the literature [14]). Unfortunately, these anhydrous solvents are often more viscous

than aqueous solvents, causing handling issues and, in some cases, reduced gas flux [13].

To overcome these issues, several authors have created high-surface area composite
materials, in which liquid solvent droplets are immobilized within a solid capsule or gel. Vericella
et al. [15] developed microencapsulated solvents (MECS), in which 100 pm - 600 pm droplets of
solvent are encased in a thin, COz-permeable polymer shell. The very large surface area of these
capsules led to 1 to 2 orders of magnitude increase in volumetric gas absorption rates [16]. To

further improve the scalability of the manufacture of these materials, Moore et al. [17] developed



Solvent Impregnated Polymers (SIPs), in which liquid solvents are encapsulated inside a gas
permeable polymer, creating a hybrid material which can be shaped into thin strands or small
particles with very large interfacial areas for CO> capture (Figure 1). These materials may be
created via a scalable, one-pot method, and the large CO; permeability of the polymer matrix may
enhance the gas flux into the material. A similar concept was explored by Nguyen et al. [9], who
manufactured composites using a solid colloidal precursor rather than the emulsion precursor used

by Moore et al. [17]
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Figure 1. Diagram of partially CO»-loaded SIP particle containing micron-scale NOHM-I-PEI

droplets immobilized in a CO2-permeable polymer.



In our recent study [18], the manufacture of SIP particles containing polyethylene-
functionalized NOHMs (named ‘NOHM-I-PEI’) encapsulated in a COs>-permeable silicone
acrylate (TEGO Rad 2650, EVONIK) matrix was reported. NOHM-I-PEI is an ideal candidate for
the SIP motif. This NOHM has a low water content, is highly stable at a wide range of
temperatures, has negligible vapor pressure, has an exceptionally large equilibrium CO; capacity
(up to 7 mol CO2/kg NOHMs), and its properties may be tunable for both traditional point source
carbon capture, and also Direct Air Capture (DAC). However, this material is very viscous, leading
to strong diffusion-limitations and slow CO, uptake. When NOHM-I-PEI was encapsulated inside
silicone acrylate, the CO> flux into the material increased by a factor of 50, relative to a neat
NOHM-I-PEI liquid with the same surface area [18]. By cryogenically grinding the NPEI-SIP film
into small particles (~0.5mm average diameter), the rate of CO» absorption was increased by a

further order of magnitude.

The 50-fold increase in gas flux observed by Rim et al. [18] was significantly larger than
the 2 to 4-fold increase in flux predicted by the model of Moore et al. [17], who considered
encapsulation of chemical solvents operating within the pseudo-first order regime. In order to
understand this discrepancy, in this study CO> mass transfer mechanisms within NPEI-SIP are
investigated. Diffusion-limited models are developed for CO» uptake into thin films of NPEI-
SIP, and also for CO, absorption within a packed bed of polydisperse NPEI-SIP particles. These
models are validated against experimentally measured CO; uptake and breakthrough curves, and
are used to analyze the diffusion-reaction regimes in which the SIP motif is likely to lead to the
greatest increase in absorption rates. Finally, mass transfer rates within SIPs containing NOHM:s-
PEI are compared with other chemisorbents such as amine grafted silicates, and the implications

for material development and process design are discussed.



2. Experiment
2.1. Synthesis of SIPs containing NOHM-I-PEI (NPEI-SIPs)

NOHM-I-PEI (polyethylenimine ionically tethered to silica nanoparticles) was synthesized
as previously reported [12]. Next, a SIP film (1 mm thickness) was prepared via the emulsification
of liquid-like NOHM-I-PEI in a silicone acrylate (TEGO Rad 2650, EVONIK) phase under high
shear and subsequent UV curing. The mass fraction of NOHM-I-PEI was varied from 10 wt% to
60 wt%. For a fixed bed experiment, SIP particles with a mean particle size of 430 um were
prepared by cryogenic grinding of the cured SIP films (49 wt% of NOHM-I-PEI). More detail of

the synthesis process is provided by Rim et al. [18].

2.2. CO: Absorption Experiments

CO; absorption kinetics and equilibrium capacity of NPEI-SIP films under dry conditions
were measured gravimetrically (LABSYS evo TGA, Setaram) upon exposure to a pure CO, stream
(50 ml/min at 1 atm) at 25 °C for 5 h. Prior to CO> absorption, the pre-desorption process was
conducted at 120 °C under a pure N> stream (50 ml/min) for 2 h to remove any preabsorbed
moisture and CO; from the air.

CO; breakthrough experiments were performed with 49 wt% NPEI-SIP particles in a
custom-built fixed bed system described by Rim et al. [18]. The fixed bed was filled with NPEI-
SIP particles and was heated at 120 °C under a dry N; flow (100 ml/min) for 2 h before each
breakthrough experiment. After cooling the column down to the desired sorption temperature (25
or 50 °C), the inlet gas stream was then switched to 15 vol% CO> (100 ml/min) balanced in Na.
The volumetric flow rate and CO: concentration of the outlet gas stream of the fixed bed system

were simultaneously measured by a volumetric flow meter (ADM Flow Meter, Agilent) and



infrared gas analyzer (VA-5111/Horiba for 15 vol% CO;) for the entire CO, breakthrough

experiment. The fixed bed was operated at atmospheric pressure.

3. Modeling Methodology
3.1 Absorption of CO: into NPEI-SIP Films

The absorption of CO: into an NPEI-SIP film may be modeled via a ‘moving front’ or ‘ash-
layer controlled shrinking core’ model [19, 20], in which a layer of CO»-saturated material forms
at the surface and gets thicker over time as a reaction front propagates into the material, as
illustrated in Figure 2. Such a model will be valid provided the chemical reaction is fast enough
for diffusion through the saturated layer to be rate-controlling. Moore [8] showed that SIPs
containing concentrated K»COs solutions could be accurately modeled via a shrinking core model,
in spite of the slow reaction kinetics of CO> within K>CO3 solutions. As the time required for an
NPEI-SIP film to reach saturation is comparable to the saturation time for SIPs of similar geometry
containing carbonates [17, 18], it is likely that a diffusion-controlled shrinking core model will
also be reasonable for an NPEI-SIP film. Furthermore, when 1 mm NPEI-SIP films were ground
into powder form, the rate of uptake increased significantly, suggesting that the absorption is
diffusion controlled [18]. For single-sided, isothermal absorption into a flat piece of SIP film, a
diffusion-controlled moving front model predicted that the number of moles of CO; absorbed, n,

increases over time as (Moore [8], p. 189):

(1) = [Zp_p]t at (M

tot y2
Ngat Ceo, L

where pco, is the partial pressure of CO», Cé‘ég is the molar volumetric capacity of CO> in the SIP,

L is the thickness of the SIP, P, is the effective CO, permeability within the saturated layer, ng,;



is the moles of CO, absorbed at saturation, and t is the time. As a first approximation, the effective
permeability may be calculated via:

P,~(1—¢e)P + P,
where P; and P; are the CO, permeabilities in NOHM-I-PEI and polymer (TEGO Rad 2650)

matrix, respectively, and ¢ is the polymer volume fraction.
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Figure 2. Diffusion-controlled model for SIP film containing microdroplets of NOHM-I-PEI.
3.2 CO: Capture Behavior of NPEI-SIP Particles in a Fixed Bed

A one-dimensional model of a fixed bed containing SIP particles was created (Figure 3).
The model was isothermal, and assumed ideal gas behavior, uniform bed pressure, and ignored
radial dispersion within the bed. Interparticle interactions (e.g. direct transport of CO, between
two particles) were ignored. A shell balance along the length of the column led to the following

set of differential equations for the mole fraction of CO: in the gas, y¢o,(t, ), and the average

fractional loading of CO> in the SIP, X(t,z) (see Supporting Information, section 2 for more

details),
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where p is the total pressure in the bed, &' is the voidage in the bed, Cé%tz is the total capacity of
the saturated SIPs (mol CO»/volume SIP), R is the ideal gas constant, T is the temperature, z is the
axial distance along the bed, and /¢, is the axial flux of CO; along the column, which was assumed

to have both convective and dispersive components:

Yco,
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9Yco, 4)
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Ji ,(\’,2 is the axial flux of N (which is assumed to be constant) and D is the axial dispersion coefficient
within the fixed bed. R, is the overall rate of reaction of CO> per unit volume of SIP, which
depends on the local CO> partial pressure, the local CO; loading within the particles, and also the
mechanism by which COx is absorbed within the particles and their relevant transport properties.
In this work, it was assumed that mass transfer is dominated by diffusion through a saturated layer,

as shown in Figure 3, which for spherical particles is equivalent to the well-known ash-layer

controlled shrinking core model [20], which predicts:

3fpep}’c02/R12:
mol CO, 1 , X<1 5
- .
€02 |m3 SIP. s (1 _X) -1
0, X=1

where P, is the effective permeability of the SIP to CO», and R,, is the radius of the SIP particle.
For a bed of monodisperse particles, this expression may be substituted directly into the ODEs
above, which may be numerically integrated with the boundary conditions described below to

solve for yco,(t, z) and X (t, z), from which breakthrough curves may be calculated.



For a bed containing polydisperse particles, R¢,, must instead be calculated as a weighted
average of the absorption rates into all particle sizes present in the fixed bed. This calculation is
complicated by the fact that smaller particles will saturate faster than larger particles, so that it is
not possible to calculate the absorption rate using the average conversion at a particular point in
the fixed bed, X(t, z). Instead, a spectrum of particle conversions which depends upon the time,
location, and also the radius of the particular particle under consideration must be considered. In
practice, this would mean replacing the single-particle conversion, X(t, z), with a discrete set of

conversions which each refer to a particular particle size present within the bed, X Rp (t,z). Each

of these X; would require their own ordinary differential equation (ODE), significantly increasing
the numerical complexity of the simulation. Fortunately, explicitly tracking conversion as a
function of particle size is unnecessary. If all particles initially contain no CO2 (so X =0 att =
0), it may be shown that the conversion of two particles of different radii in the same location in
the bed may be related to each other by the following relationship (see Supporting Information,

section 2 for details):

R 1-3(1-X)23+2(1-X'
Ry | [L=30-X02A+20-X) 0 ©)
R} 1-3(1-X)23+2(1-X)

Hence, only the conversion of one ‘representative’ particle size, X' = X Rp,(t, z), needs to be

tracked in the fixed bed, and the conversion of all other particles of different radii within the bed
may then be calculated via Eq. (6). Hence, for a bed with a range of particle sizes, the ODEs Eq.
(2) and (3) were supplemented with a third ODE for the conversion of a representative particle,
X',

!

= ~tot “*Co,
dt ~ e

where
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The overall rate of CO; absorption by SIP particles was calculated as a weighted average over all

particle sizes present in the fixed bed

1 f(Rp)dR, )

(%f -1

where f (Rp) is the volume-weighted particle size distribution within the bed as measured by Rim

foo 3:PepyCOZ/R72)
Rcoz =
0

et al. [18], and the conversion for particles of different radii, X(R,), was calculated via Eq. (6)
using the local value of X'. R(, was then substituted into Eq. (2) and (3), which were integrated

simultaneously with Eq. (7).

The following initial conditions were specified,
X'(t=0)= X(t=0)=0, yco,(t=0)=0. (10)

At the inlet, a convective flux was specified corresponding to y¢o, = 0.15,

0.15 (11)
Jeo,lz=0 = 1_—0_15]1(\)/2

and at the outlet the Danckwerts boundary condition was specified:

12)

d)’co2

dZ |Z=L = 0

This system of equations was discretized in space via a finite volume discretization, using the
adaptive upwinding scheme of Webley and He [21] to minimize numerical diffusion and spurious
oscillations. The resulting system of ODEs was integrated in time using ode15s within the Matlab

ODE Suite [22].
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Figure 3. Overview of packed bed model.

4. Results

4.1 Absorption of CO: into Thin NPEI-SIP Films

In Figure 4(a), CO> uptake into 1 mm thin films of NPEI-SIP measured using a TGA

operated at 1 atm COs is plotted for a wide range of material compositions. The data is plotted as

(n/ngq:)? vs t, and, as predicted by Eq. (1), a linear region is visible on a number of the CO;
uptake curves. The linearity is particularly clear for the more dilute SIPs (10wt% - 30wt%),

though it tends to break down as the material becomes more saturated with COx. It is possible

that the small region of slow uptake at the beginning of each run may be related to the

occurrence of autocatalytic reactions, which have been observed in immobilized amine sorbents

[23]. However, as no such behavior is observed when NPEI-SIPs are placed in a packed bed, it is

more likely to be caused by a lag within the TGA instrument. It is also unclear what causes the

more non-linear behavior of the concentrated samples, though it is possible this could be

explained by temperature effects or changes in morphology, both of which are likely to be more

12



significant within NPEI-SIPs with higher NOHMs loading, and neither are accounted for in the
simple diffusion-controlled model. In Figure 4(b), values of a from Eq. (1) calculated from the

slope of the linear regions in Figure 4(a) are compared with theoretical values calculated from

material properties taken from the literature (see Table S1.) The theoretical and measured

gradients, a, were well matched, with an average error of about 20%.

The presence of linear regions in Figure 4, and the good match between the theoretical

and measured gradients, together provide strong evidence for the hypothesis that CO; absorption

into these NPEI-SIPs is controlled by diffusion through a saturated layer at the material surface.

This is consistent with previous findings for SIPs containing concentrated carbonate solutions

[17].

(n/nsat)2

Figure 4. (a) Plot of (n/ng4;)? vs time for NPEI-SIP films 10wt% — 58wt% NOHM-I-PEI exposed
to pure CO; at 1 atm and 25 °C. The dotted lines show the line-of-best-fit through the linear region
of the curve; (b) Comparison between values of a calculated from the gradients of the linear
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regions of (a), and from first principles via Eq. (1) (see Table S1 for physical parameters.)

4.2 CO; Breakthrough Curves Measured using SIP Particles in a Fixed Bed

13



The diffusion-limited model discussed in the previous section is now used to simulate CO>
breakthrough in a fixed bed containing polydisperse NPEI-SIP particles. Particles containing
49wt% NPEI were analyzed, as Rim et al. [18] found these had the best overall performance. In
Figure 5, experimental breakthrough curves are compared with the predictions of the packed bed
model described in section 3.2. Good agreement is observed between the model and the
experimental data when the particle-size distribution is accounted for (see Figure 5(b)). The
remaining discrepancies may be related to non-isothermal effects or inaccurate estimates of model
parameters (which were estimated independently and not fit to the breakthrough curves.) At the
particle-scale, these models assumed that absorption is governed by a diffusion-controlled
shrinking core model, and the good fit to the experimental data provides further evidence for this
hypothesis.

Unsurprisingly, as shown in Figure 5(a), the monodisperse model (which used the volume
mean diameter) incorrectly predicts a sharper breakthrough curve, as it is unable to capture the
long tail caused by the presence of a small fraction of very large particles which take a long time
to reach saturation. The parameters required for these models are shown in Table S2. The effective
permeability of CO, within the SIPs, P,, was independently measured based on CO» uptake from
an 85% N2/15% CO» gas stream into a sample of NPEI-SIP films using a TGA (see Figure S1).

Dispersion coefficients were estimated using the data of Edwards and Richardson [24].

14
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Figure 5. Comparison between experimental CO, capture breakthrough curves and simulated
breakthrough curves calculated via (a) monodisperse model and (b) model accounting for particle

size distribution. Inlet gas composition: 15 vol% CO,/85 vol% N,. SIP composition: NPEI-SIP
particles with 49 wt% NOHM-I-PEI.

5. Discussion

CO; capture data from both thin film experiments and fixed bed experiments confirms our
hypothesis that the absorption of CO; into NPEI-SIP is controlled via diffusion through a growing
saturated layer. This is consistent with previous studies of SIPs containing K»COs solutions [17].

It is likely that this assumption will also hold for absorption from more dilute CO> streams (e.g.

15



air), though the shrinking core model may break down if the rate of reaction decreases faster than
the rate of diffusion as pc, is reduced (e.g. if the reaction is second order in CO2). As discussed
below, the available experimental evidence for absorption from air is consistent with a shrinking
core model.

At first sight, the very large increase in CO> flux provided by encapsulating NOHM-I-PEI
inside silicone acrylate appears to contradict earlier predictions within the literature. For example,
Moore et al. [17] predicted that the gas flux into SIPs operating within the diffusion-controlled
regime is unlikely to be more than 2 to 4 times greater than the flux into a neat layer of the liquid
contained within the SIP, even if the permeability of the polymer is several orders of magnitude
greater than the permeability of the liquid solvent. However, encapsulating NOHM-I-PEI inside
SIPs as microdroplets increased the flux of CO> by over 50 times, compared to absorption into a
neat NOHM-I-PEI fluid [18]. The reason for this discrepancy is that Moore et al.’s analysis was
restricted to solvents which operate within the pseudo-first order reaction regime. For these
solvents, only a relatively modest increase in flux is expected, as the formation of the saturated
zone near the material surface within the SIP (see Figure 2), which does not occur in a neat liquid
operating in the pseudo-first order reaction regime, slows the mass transfer rate relative to the neat
liquid. In other words, in a neat liquid in the pseudo-first order reaction regime, reactive species
within the liquid are free to diffuse to the surface, replenishing the depleted solvent, while in a SIP
such surface-replenishment is impossible, as solvent droplets are encapsulated in the polymer
matrix. The tradeoff between (a) increased CO> permeability (which increases the gas flux) and
(b) the formation of a saturated zone (which decreases the gas flux) leads to only modest
improvement relative to the neat liquid when using solvents within the pseudo-first order reaction

regime.
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However, it is unlikely that absorption into a neat NOHM-I-PEI liquid occurs within the
pseudo-first order reaction regime. Because of the very low diffusivity of reactive species within
the NOHM-I-PEI [25], it is likely that absorption into the neat NOHM-I-PEI instead occurs in the
instantaneous reaction regime, in which a moving reaction front propagates into the material,
leaving a saturated layer in its wake [26]. Hence, when NOHM-I-PEI is encapsulated inside a
polymer matrix, there is no trade-off between (a) and (b) above. Instead, the saturated zone forms
in both the neat NOHM-I-PEI and the SIP containing NOHM-PEI. However, when the solvent is
encapsulated within a SIP, the effective permeability of CO, through the saturated zone is several
orders of magnitude larger. As shown in Eq. (1), for absorption controlled by the rate of diffusion
through a saturated layer, the time to reach a given degree of saturation is inversely proportional
to the effective permeability of the material. As the permeability of CO> inside NOHMs is roughly
2 orders of magnitude smaller than the permeability in the polymer (e.g. PDMS) [25], the observed
50-fold increase in gas flux is reasonable.

These results suggest that the SIP-motif is particularly well suited to strongly diffusion-
controlled solvents, including NOHMs and possibly some CO»-Binding Organic Liquids [11] and
reactive ionic liquids [10]. Encapsulating these solvents is likely to lead to much larger increases
in gas flux, compared to traditional solvents (such as aqueous MEA or K>COs3 solutions) which
often operate within the pseudo-first order reaction regime.

The SIP motif may increase the rate of uptake of CO; in two independent ways. First, SIPs
may be manufactured with very large specific surface areas. In this respect, they are similar to
microencapsulated solvents [15], for which 10 to 100-fold increases in specific absorption rates
have been reported due to surface area increase alone. Second, the microstructure of SIPs caused

by the sheer emulsification of the high viscosity solvent can increase the rate of absorption per unit

17



area, relative to a neat liquid. While previous studies [17] had suggested that such improvements
would only be relatively modest (~2-4x) this study demonstrated that, when applied to strongly
diffusion-controlled solvents such as NOHMs, increases in flux of over 50x can be achieved. These
two effects (increased interfacial area and increased flux) combine multiplicatively, and may be
expected to lead to overall absorption rates 3 to 4 orders of magnitude greater than those achievable
in a neat liquid solvent system.

While such improvements are impressive, it is also necessary to consider whether SIPs
containing non-aqueous solvents such as NOHM-I-PEI will be fast enough for practical operation
within an actual process. The ash-layer controlled shrinking core model validated above may be
used to calculate saturation times for individual SIP particles (see Eq. 14 in the SI). For example,
a 430 um SIP particle containing 50wt% NOHM-I-PEI at 50°C will absorb about 3 mol CO»/kg
NPEI-SIP, and under the diffusion-controlled regime it would be expected to saturate in ~6
minutes in pure CO; and in ~8 minutes in a 15% CO; environment (in the latter case, the reduced
partial pressure is partially offset by an increase in CO; permeability and a reduction in CO;
concentration at saturation; see Table S1 and S2 for parameters). On the other hand, for capture
from air (y¢o, = 400 X 107°) Eq. (14) predicts a much longer saturation time of 17 hrs under
identical conditions (see Table S3). These values are comparable to the 5 min saturation time
observed by Rim et al. [18] for a mixture of SIP particles (volume mean diameter: 430um, S0wt%
NOHM-I-PEI loading) in pure CO; at 50°C, and the ~24 hr saturation time observed by Rim et al.
[18] for capture at y¢o, = 400 X 107¢ (Figure S2).

Similar timescales and CO; capture capacities have been observed in other CO, sorbent
systems. For example, some zeolite systems have been reported to saturate in pure CO, in about 5

minutes [27, 28] though others saturate in less than 1 minute [29]. The amine-functionalized
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mesoporous silica capsules developed by Qi et al. [30] had a larger saturated CO, capacity (7.9
mol/kg), but also reached saturation in several minutes. Similar CO; capacities and saturation times
have been observed for other amine grafted silicates [31, 32]. Recent fluidized bed simulations by
Wang et al. [33] have demonstrated that microencapsulated solvents (MECS) which are 120 -
480um in diameter and which contain 17wt% Na>COs3 solutions may be used to treat flue gas in a
6 m tall fluidized bed. The saturation time for these MECS in pure CO» was estimated to be on the
order of 1-5 minutes, depending on the particle diameter, and their CO- capacity is about 1 mol/kg
[34, 35]. These MECS particles are smaller than our NPEI-SIP particles, and thus a direct
comparison is not valid. However, Wang et al.’s calculations suggest that the rate of CO>
absorption into the SIP particles analyzed in this preliminary study may already be approaching
rates fast enough for operation within a fluidized bed of a practical height. Given that a neat, 1 mm
liquid layer of NOHM-I-PEI has a saturation time of about 24hr, this is a remarkable improvement

in absorption kinetics.

6. Conclusion

In this study, the mechanism of CO; capture in NPEI-SIP systems (SIPs loaded with
polyethylenimine functionalized silica nanoparticles) was analyzed. Mass transfer of CO: into
NPEI-SIP films was measured and shown to conform, both qualitatively and quantitatively, with
a diffusion-controlled moving front model. When this model was applied to a fixed bed containing
polydisperse NPEI-SIP particles, it accurately predicted experimentally measured CO; capture
breakthrough curves at multiple temperatures. The rate of CO, absorption into fine NPEI-SIP
particles was similar to the absorption rate in comparable solid sorbents developed for CO> capture,

in spite of the very slow kinetics of NOHM-I-PEI in neat liquid form. The 50-fold improvement
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in gas flux may be attributed to the ~2 order of magnitude increase in CO; permeability achieved
by encapsulating the liquid solvent, NOHM-I-PEI, within the gas permeable polymer matrix,
However, the improvement in gas flux is strongly dependent on the diffusion-reaction regime in
which the neat liquid operates, and the greatest increase in gas flux may be expected for chemical
solvents which operate in the instantaneous reaction regime. This study provides valuable insights
into the enhancement in mass transfer which may be achieved via the SIP motif. The mass transfer
models developed in this work can be used as the basis for unit operation design.
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NOMENCLATURE

C¢%. - the total molar capacity of the saturated SIPs (mol CO2/m’ SIP).

D: axial dispersion coefficient within the fixed bed (m?/s).

Jco,: axial flux of COz along the fixed bed (mol CO2/(m? bed.s)).

Ji ,(\’,2: axial flux of N» along the fixed bed (mol N»/(m? bed.s)).

L: thickness of flat SIP layer (m).

e n: moles of CO» absorbed into SIP sample (mol CO»)
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® 1y, moles of CO; absorbed into SIP sample at saturation (mol CO5)
e p:pressure in packed bed (Pa).

® Pco,: partial pressure of CO; (Pa).

o P,: CO; permeability within the saturated SIP layer (mol/m.s.Pa)

e P, CO; permeability within pure NOHM-PEI liquid (mol/m.s.Pa)

o P.: CO; permeability within pure polymer (mol/m2.s.Pa)

* Rcop,: Rate of CO; absorption into SIP particle (mol CO2/(m? SIP.s)).
* R,:Radius of SIP particle (m).

e R,’: Radius of representative SIP particle (m).

e R:ideal gas constant (J/K.mol).

e T:temperature (K).

e t:time (s).

e X: Fractional CO; loading in SIP (mol CO2/mol CO; at saturation).

e X': Fractional CO; loading in representative SIP particle (mol CO2/mol CO at saturation).
®  Yco,: Mole fraction of CO> in gas phase.

e z: axial distance packed bed (m).

e «: Inverse of theoretical saturation time for SIP film (see Eq. 1) (1/s).
e ¢&: Polymer volume fraction in SIP (m? polymer/m? SIP).

e &': Voidage in packed bed (m?® void space/m?® packed bed).
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